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Edited by Vladimir SkulachevAbstract The mechanisms controlling fat depot-speciﬁc
metabolism are poorly understood. During starvation of mice,
downregulation of lipogenic genes, suppression of fatty acid
synthesis, and increases in lipid oxidation were all more
pronounced in epididymal than in subcutaneous fat. In epididy-
mal fat, relatively strong upregulation of uncoupling protein 2
and phosphoenolpyruvate carboxykinase genes was found. In
mice maintained both at 20 and 30 C, AMP-activated protein
kinase was activated in epididymal but did not change in subcu-
taneous fat. Our results suggest that AMPK may have a role in
the diﬀerent response of various fat depots to starvation.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The metabolic properties of white adipose tissue (WAT)
depend on its anatomical localization in the body and the
health consequences of obesity are also aﬀected by the site of
fat accumulation. However, the mechanisms that control fat
depot-speciﬁc diﬀerences in WAT metabolism are largely
unknown, including the diﬀerential metabolic responses of fat
depots to starvation, a common physiological condition lead-
ing to a decrease of body fat content [1–3]. In both epididymal
WAT [4] and liver [5] of rodents, starvation stimulated the
AMP-activated protein kinase (AMPK). This enzyme is a
sensor of cellular energy stress that, once phosphorylated due
to an increase in the cellular AMP/ATP ratio or other stimulus,
activates ATP-producing processes while switching oﬀ ATP-Abbreviations: ACC, acetyl-CoA carboxylase; AMPK, AMP-activated
protein kinase; a1 (a2) AMPK, a1 and a2 isoforms of the catalytic
subunit of AMPK; FA, fatty acids; FAS, fatty acid synthase; NEFA,
non-esteriﬁed fatty acids; PEPCK, phosphoenolpyruvate carboxyki-
nase; pACC, the phosphorylated form of ACC; pAMPK, phosphor-
ylated form of AMPK; SREBP-1, sterol regulatory element-binding
protein-1; UCP, uncoupling protein; WAT, white adipose tissue
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WAT results in inhibition of fatty acid (FA) synthesis and basal
lipolysis due to phosphorylation of acetyl-CoA carboxylase-1
(ACC-1) and hormone-sensitive lipase [4,7–9], and also has ef-
fects on glucose uptake into adipocytes [10]. Our previous stud-
ies demonstrated that induction of resistance to obesity in mice
by transgenic expression of mitochondrial uncoupling protein 1
(UCP1) in WAT [11] was associated with depression of cellular
energy charge, activation of AMPK [12], downregulation of
adipogenic genes, increases in lipid oxidation [12,13], impaired
lipolytic action of catecholamines [14], and increased mitochon-
drial biogenesis [15]. Other recent studies suggest the involve-
ment of AMPK in eﬀects of exercise [16], adiponectin [17],
thiazolidinediones [18], and leptin [19] in WAT.
The aim of this study was to investigate whether AMPK
could be involved in the diﬀerent responses of subcutaneous
and epididymal fat depots to starvation.2. Materials and methods
2.1. Animals
Three- to four-month-old male C57BL/6J mice were used for all
experiments. Animals were housed in a controlled environment
(20 C; 12-h light–dark cycle; light from 6:00 a.m.; ﬁve mice/cage) with
free access to water and standard chow diet [11]. Two experimental
protocols were used: A, all mice were caged singly for one week at
20 C and than sacriﬁced between 9:00 and 10:00 a.m., while some
of these mice were denied access to food for 6, 12, and 24 h before
the sacriﬁce, respectively, and controls were allowed free access to
food. B, mice were caged singly for two weeks either at 20 or at
30 C and at 5:30 p.m. of the day of the experiment, mice were denied
food or not and both groups were sacriﬁced 6 h later under dimmed
red light. In both protocols, mice were sacriﬁced by cervical dislocation
and epididymal and subcutaneous dorsolumbar WAT depots [14] were
dissected.
2.2. Measurements of plasma non-esteriﬁed FA
Blood was collected by tail bleeds just before sacriﬁce and plasma
was prepared using EDTA. Concentrations of non-esteriﬁed fatty
acids (NEFA) were evaluated enzymatically (kit NEFA C from Wako
Chemicals, Richmond, CA).
2.3. FA synthesis and oxidation in adipose tissue
Activity of FA synthesis was measured in fragments of adipose
tissue incubated in the presence of glucose and insulin, and incorpora-
tion of radioactivity into saponiﬁable FA was estimated as describedblished by Elsevier B.V. All rights reserved.
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pyruvate and 3H2O (0.5 mCi/ml), which was used as a radioactive
tracer instead of glucose. Oxidation of oleate in the tissue fragments
was measured as described previously [12].
2.4. RNA analysis
Total RNA was isolated using TRIzol Reagent (Invitrogen, Carls-
bad, CA). RNA was treated with RNase-free DNase. Gene expression
was analyzed by reverse transcription followed by real time quantita-
tive PCR (LightCycler Instrument, F. Hoﬀman-La Roche Ltd., Basel,
Switzerland) with primers speciﬁc for sterol regulatory element-bind-
ing protein-1 (SREBP-1), fatty acid synthase (FAS), phosphoenolpyr-
uvate carboxykinase (PEPCK), and UCP2 (Table 1). Levels of b-actin
mRNA were used to correct for inter-sample variations [14].
2.5. Other analytical procedures
Quantiﬁcation of tissue lipids [20], and evaluation of activity of the
a1 isoform of AMPK (a1 AMPK) using immunoprecipitation of
AMPK from tissue extracts and speciﬁc peptide assay was performed
as described previously [12,21]. Western blotting was used for quanti-
ﬁcation of the total content of a1 AMPK and phosphorylated form of
AMPK (pAMPK) and of the total content of acetyl-CoA carboxylase
(ACC), and the phosphorylated form of ACC (pACC; see [12] for the
detailed protocol).
2.6. Statistics
Statistical signiﬁcance was evaluated using unpaired t-tests or two-
way ANOVA. Diﬀerences were judged to be signiﬁcant at P < 0.05.3. Results
3.1. Changes in body weight, adiposity and NEFA in plasma
In initial experiments, eﬀects of 6, 12, and 24 h of starvation
were studied in mice maintained at 20 C, while sacriﬁcing allTable 1
Sequences of PCR primers
Gene Sense primer (5 0 ﬁ 3 0) Antisense pri
SREBP-1a GCTTCCGGCCTGCTATGA CAGGGCCTCG
FAS GGCTGCCTCCGTGGACCTTATC GTCTAGCCCT
PEPCK CCAGCCAGTGCCCCATTATTGAC TTTGCCGAAG
UCP2 GCCCGGGCTGGTGGTGGTC CCCCGAAGGC
b-Actin GAACCCTAAGGCCAACCGTGAAAAGAT ACCGCTCGTT
aThe primers detect the following splicing variants: SREBP-1A, SREBP-1A
Table 2
Eﬀects of starvation on body weight, fat pads weight, adipose tissue lipid co
Fed mice Starved mice
6 h
Loss of body weight (g)a NA 1.2 ± 0.2
Weight of fat depots (mg)
Subcutaneous fat 228 ± 20 197 ± 7
Epididymal fat 332 ± 24 313 ± 14
Tissue lipids (mg/depot)
Subcutaneous fat 47.3 ± 7.7 52.9 ± 9.8
Epididymal fat 163 ± 25 130 ± 37
NEFA (mM) 0.67 ± 0.05 1.17 ± 0.06b
Fed mice, and mice starved for various periods of time (Protocol A, see Secti
(27.1 ± 0.7 to 27.6 ± 0.8 g).
aThe diﬀerence between the initial and ﬁnal body weight is indicated; the corre
were 1.9 ± 0.1, 3.2 ± 0.5, and 4.4 ± 0.1 g, respectively. Data are means ± S.E
bSigniﬁcant diﬀerence between fed and starved mice.
cSigniﬁcant diﬀerence between 6 and 12 h of starvation.
dSigniﬁcant diﬀerence between 12 and 24 h of starvation.animals during the early light phase of the day (Protocol A in
Section 2). Starvation resulted in a progressive loss of body
weight over 24 h (Table 2). Both subcutaneous and epididymal
fat tended to decrease in weight, although this was only signif-
icant for subcutaneous fat at 12 and 24 h after food depriva-
tion. The reduction of adipose tissue weight during
starvation was accompanied by a decrease in the content of
tissue lipids in subcutaneous but not in epididymal fat after
24 h (Table 2). Starvation is known to be associated with the
induction of lipolysis in WAT, and this was reﬂected by a rise
in the plasma concentration of NEFA that was signiﬁcant by
6 h and peaked at 12 h. All these data indicate that major
changes of WAT metabolism had occurred in mice denied ac-
cess to food for 6–12 h.3.2. Fat depot-speciﬁc modulation of lipogenesis and FA
oxidation
Suppression of the lipogenic genes in WAT due to starvation
was observed. It was signiﬁcantly greater in epididymal com-
pared with subcutaneous fat. Thus, expression of SREBP-1,
a transcription factor controlling lipogenesis in response to
nutritional status [22], declined only transiently in subcutane-
ous fat, while the expression was progressively abolished dur-
ing 24 h of starvation in epididymal fat (Fig. 1A). A gradual
inhibition of the expression of FAS was observed in both
depots, with a stronger eﬀect in the epididymal fat (Fig. 1B).
In parallel, the activity of FA synthesis also decreased to diﬀer-
ent extents in the two fat depots (Fig. 1C).
Previous studies have shown stimulation of FA oxidation in
adipocytes isolated from epididymal and perirenal fat of
starved rats [23]. Our measurement of oleate oxidation inmer (5 0 ﬁ 30) GenBank Accession No. for cDNA
GTGTGCTC AB017337, AF374266
CCCGTACACTCACTCGT X13135
TTGTAGCCGAAGAA NM_011044
AGAAGTGAAGTGG U94593
GCCAATAGTGATG X03765
-W42, SREBP-1C and SREBP-1C-W42.
ntent and plasma NEFA levels
12 h 24 h n
2.7 ± 0.1 3.7 ± 0.2 14–16
165 ± 9b 168 ± 15b 14–16
290 ± 18 297 ± 24 14–16
34.6 ± 7.7 25.8 ± 5.1b 4
124 ± 20 146 ± 40 4
1.85 ± 0.06b,c 1.51 ± 0.07b,d 14–16
on 2) were analyzed. The initial body weights in all groups were similar
sponding values for four animals used for the estimation of tissue lipids
.
AB
C
Fig. 1. Eﬀect of starvation (Protocol A) on gene expression and FA
synthesis in adipose tissue. All data are expressed in % relative to fed
mice and they are means ± S.E.; n = 6–8. (A) SREBP-1 and (B) FAS
mRNA level. In subcutaneous fat of fed mice, the levels of SREBP-1
transcript were similar, and that of FAS were signiﬁcantly (2.1-fold)
higher, compared with epididymal fat. (C) Activities of FA synthesis
measured in tissue fragments. In subcutaneous adipose tissue of fed
mice, the activities were signiﬁcantly (2.3-fold) higher than in epidid-
ymal fat. Similar results were also obtained in measurements of FA
synthesis in vivo (data not shown). Asterisks indicate signiﬁcant eﬀect
of starvation.
A
B
Fig. 2. Eﬀect of starvation (Protocol A) on gene expression in adipose
tissue. (A) UCP2 and (B) PEPCK mRNA level. All data are
means ± S.E. (n = 6–8). Similar results were obtained when total
RNA isolated from collagenase-released adipocytes was used for the
analysis (data not shown). Asterisks indicate signiﬁcant eﬀect of
starvation and hatched crosses signiﬁcant diﬀerences between fat
depots.
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(n = 7–9) conﬁrmed these ﬁndings and showed signiﬁcant
>2-fold stimulation of FA oxidation by starvation in epididy-
mal fat (41 ± 4 vs. 101 ± 4 pmol FA/mg protein/h). In contrast,
no change of FA oxidation could be detected in subcutaneous
fat (95 ± 14 vs. 115 ± 11 pmol FA/mg protein/h).
3.3. Diﬀerential induction of PEPCK and UCP2 genes in
epididymal and subcutaneous fat
Expression of both UCP2 [24] and PEPCK [25] genes in
WAT is stimulated by food deprivation and either eﬀect might
be linked to the activation of AMPK (see Section 4). Levels of
UCP2 mRNA were similar in both depots of fed mice, and
increased during starvation (Fig. 2A). However, this increase
was much greater in epididymal fat, peaking at 12 h after
which there was a 4-fold diﬀerence between epididymal and
subcutaneous fat. In epididymal fat of fed mice the mRNA levels
of PEPCK were 2-fold higher than in subcutaneous fat and in-
creased substantially during 24 h of starvation (Fig. 2B). Bycontrast, only a smaller and transient increase of PEPCK
mRNA was observed in subcutaneous fat, so that after 24 h
starvation the levels were about 6-fold lower than in epididy-
mal fat (Fig. 2B).
3.4. Activation of the AMPK cascade
The above eﬀects of starvationwere all consistentwith a diﬀer-
ential activation of theAMPKcascade in epididymal and subcu-
taneous fat. Indeed, assays of the a1 AMPK activity in
immunoprecipitates revealed a signiﬁcant activation (1.9-fold)
after 12 h, and no further changes during the subsequent 12 h
of starvation in epididymal fat (Fig. 3A). In contrast, no changes
of a1 AMPK activity could be detected in subcutaneous fat
(Fig. 3A). The a2 AMPK activity was very low and did not
change signiﬁcantly in either fat depot (not shown). To conﬁrm
the diﬀerential activation of a1 AMPK activity in the two fat
depots, the phosphorylation status of its downstream target,
ACC-1, was evaluated (Fig. 3B). Total ACC content declined
during 24 h of starvation, especially in subcutaneous fat
(Fig. 3C). However, starvation signiﬁcantly increased (1.6-fold)
the amount of pACC, expressed relative to total ACC, in epidid-
ymal but not in subcutaneous fat (Fig. 3D) with a similar time
course to a1 AMPK activity (Fig. 3A).
Mice normally eat most of their daily intake during the dark
phase, and in response to prolonged starvation they exhibit
torpor, i.e., a lowering of their body temperature and energy
expenditure [26]. In order to separate any response to cold
from that to starvation, activity of AMPK cascade in WAT
was analyzed in animals maintained either at 20 or 30 C
(Table 3). In this experiment, animals were deprived of food
just before entering the dark phase and sacriﬁced 6 h later,
Fig. 3. Eﬀects of starvation (Protocol A) on AMPK and ACC in
adipose tissue. (A) a1 AMPK activity is expressed in nmol phosphate
incorporated/min per mg protein of tissue extract used for immuno-
precipitation. (B) Total content of ACC and pACC were quantiﬁed
using Western blots, as illustrated for the analysis of epididymal fat.
(C) Total content of ACC, relative to the content at time zero. (D)
ACC phosphorylation; total ACC and pACC were quantiﬁed and the
results are expressed as a ratio, relative to the ratio obtained at time
zero. All data are means ± S.E. (n = 5–6). For other details, see legend
to Fig. 2.
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20 C, only marginal depression (by about 0.8 C) of core body
temperature occurred after 6 h of starvation and whole body
oxygen consumption was not aﬀected until 12 h of starvation
(data not shown). Estimation of AMPK phosphorylation
using Western blots revealed activation of the enzyme due to
starvation in epididymal but not in subcutaneous fat. In epi-
didymal fat, starvation stimulated phosphorylation of ACC
while an opposite eﬀect was observed in subcutaneous fat.
All these eﬀects were similar at 20 and at 30 C. In both tem-
peratures, the total content of AMPK or ACC did not change
in response to the starvation lasting for 6 h (Table 3).4. Discussion
The principal ﬁnding of this report is that there is a fat
depot-speciﬁc activation of the AMPK cascade in WAT during
starvation. This activation, found in epididymal and not in
subcutaneous fat, was convincingly documented using diﬀerent
and complementary experimental protocols in mice and it is in
agreement with a similar activation of the AMPK found in the
epididymal fat of starved rats [4]. The activation was not
evoked by a decrease of body temperature occurring during
starvation in mice although it could be augmented at lower
ambient temperature.
Activation of the AMPK signalling pathway during starva-
tion would contribute to a large depression of lipogenesis in
epididymal fat. It may also account for stimulation of FA oxi-
dation [23] selectively in epididymal fat, accompanied by a
shift of glucose metabolism to a non-oxidative pattern [2]. In
adipose tissue of starved rats, lactate becomes a major metab-
olite of glucose and the increase in lactate production with
starvation is much higher in epididymal than in subcutaneous
fat [2]. Because AMPK could stimulate glucose uptake in
WAT by a mechanism independent of insulin [10], it could also
induce glyceroneogenesis and recycling of FA into triglyceride
in epididymal fat during starvation [27]. Recycling of FA con-
sumes ATP and may decrease intracellular energy charge, and,
in turn, activate AMPK. The recycling would be favoured by
the much greater induction of PEPCK gene transcription in
epididymal rather than subcutaneous fat that we report here.
PEPCK is strictly transcriptionally regulated [28] and is re-
quired for glyceroneogenesis during starvation [29].
By analogy with the induction of fat accumulation by trans-
genic overexpression of PEPCK in adipocytes [30], a stronger
stimulation of PEPCK-dependent FA re-esteriﬁcation in epi-
didymal fat may explain the lack of a decline in weight and
lipid content of this fat depot during 24 h of food deprivation
(see Table 2). In addition, the inhibition of basal lipolysis by
AMPK in epididymal fat may result in a slower release of
FA from adipocytes [31]. The changes in both FA re-esteriﬁca-
tion and release may balance the eﬀects of increased FA oxida-
tion and depressed lipogenesis on lipid content and tissue
weight in epididymal fat and may be essential to preserve the
energy pool in this tissue during the initial phases of food
deprivation. A high rate of futile cycling of FA inside adipo-
cytes would favor a fast activation of FA release during pro-
longed starvation [27]. Indeed, increased sensitivity of
epididymal fat to the lipolytic action of epinephrine was no-
ticed in rats starved for 72 h [32].
We report that the upregulation of UCP2 during starvation
was greater in epididymal than in subcutaneous fat. UCP2
might increase the proton leak in mitochondria and thus reduce
synthesis of ATP [33,34] and activate AMPK, similarly to
transgenic mice over-expressing UCP3 in skeletal muscle [35]
or UCP1 in WAT [12]. On the other hand, increased expression
of the UCP2 gene might be a consequence of AMPK activa-
tion, since AMPK can induce both UCP2 andUCP3 in rat skel-
etal muscle [36]. The role of UCP2 in protection of WAT cells
against the damage caused by reactive oxygen species, which
would be formed at a higher rate when FA oxidation in mito-
chondria is increased, should be also considered [34].
The metabolism of WAT is under a complex neurohormonal
control, exerted primarily by insulin and catecholamines [1].
Insulin inhibits AMPK in heart [37], while catecholamines acti-
Table 3
Eﬀects of 6 h-starvation on phosphorylation and total contents of AMPK and ACC in white fat of mice maintained at diﬀerent temperatures
20 C 30 C
Fed mice Starved mice Fed mice Starved mice
pAMPK/AMPK
Subcutaneous fat 1.00 ± 0.02 1.10 ± 0.06 0.99 ± 0.09 1.04 ± 0.10
Epididymal fat 1.00 ± 0.07 1.55 ± 0.13a 1.00 ± 0.04 1.21 ± 0.05a
AMPK
Subcutaneous fat 1.00 ± 0.11 0.80 ± 0.07 0.94 ± 0.10 0.86 ± 0.15
Epididymal fat 1.00 ± 0.08 0.80 ± 0.09 0.80 ± 0.07 0.74 ± 0.06
pACC/ACC
Subcutaneous fat 1.00 ± 0.05 0.56 ± 0.07a 0.91 ± 0.11 0.65 ± 0.07a
Epididymal fat 1.00 ± 0.38 1.81 ± 0.24a 1.00 ± 0.14 1.48 ± 0.14a
ACC
Subcutaneous fat 1.00 ± 0.23 1.14 ± 0.29 1.07 ± 0.04 0.85 ± 0.03b
Epididymal fat 1.00 ± 0.11 0.86 ± 0.13 1.06 ± 0.27 1.10 ± 0.18
Mice fed or starved (Protocol B, see Section 2) were analyzed. Content of pAMPK, total AMPK, pACC, and total ACC was quantiﬁed using
Western blots (see Fig. 2 of this manuscript and Fig. 2 of [12]). Phosphorylation of AMPK and ACC, respectively, is expressed as a ratio between two
forms of the enzymes. Results are expressed relative to the values for fed mice at 20 C. Data are means ± S.E. (n = 6).
aSigniﬁcant eﬀect of starvation.
bSigniﬁcant eﬀect of temperature.
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both insulin [38] and b-adrenergic agonist [39] is higher in epi-
didymal than subcutaneous fat. Therefore, the diﬀerential acti-
vation of AMPK in the two fat depots during starvation may
be related to the eﬀects of insulin and circulating catechola-
mines. Moreover, activation of sympathetic innervation of
WAT in the abdomen was found in rats during prolonged fast-
ing [40] and diﬀerential sympathetic (see [41]) as well as para-
sympathetic [42] innervation of abdominal and subcutaneous
WAT exists in rodents. This suggests a possibility for the
involvement of autonomic innervation in the responsiveness
of various fat depots to starvation and other stimuli like expo-
sure to cold, which also increases sympathetic innervation of
WAT [43].
In summary, the control of lipid and glucose metabolism in
WAT by AMPK may represent a basic biological mechanism
that contributes to regional diﬀerences in the metabolic prop-
erties of adipose tissue depots. This mechanism may contribute
to the development of adverse health consequences of obesity
and represents a promising therapeutic target.
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